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P-glycoprotein (P-gp) is a multidrug transporter, which harnesses the chemical energy of ATP to power the efflux
of diverse chemotherapeutics out of cells and thus contributes to the development of multidrug resistance (MDR)
in cancer. It has been proved that the ligand-binding pocket of P-gp is located at the transmembrane domains
(TMDs). However, the access of ligands into the binding pocket remains to be elucidated, which definitely hinder
the development of P-gp inhibitors. Herein, the access pathways of a well-known substrate rhodamine-123 and
a cyclopeptide inhibitor QZ-Leu were characterized by time-independent partial nudged elastic band (PNEB)
simulations. The decreasing free energies along the PNEB-optimized access pathway indicated that TM4/6 cleft
may be an energetically favorable entrance gate for ligand entry into the binding pocket of P-gp. The results
can be reconciled with a range of experimental studies, further corroborating the reliability of the gate revealed
by computational simulations. Our atomic level description of the ligand access pathway provides valuable in-
sights into the gating mechanism for drug uptake and transport by P-gp and other multidrug transporters.

© 2019 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and Structural
Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
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Multidrug resistance (MDR) is one of the major clinical impediments
in cancer chemotherapy, wherein cells are resistant to the cytotoxic ef-
fect of multiple chemotherapeutic drugs. The predominant mechanism
of MDR is the drug efflux promoted by the overexpression of
membrane-embedded ATP-binding cassette (ABC) multidrug trans-
porters [1]. P-glycoprotein (P-gp), also known as ABCB1 or MDR1, is
one of the best characterized multidrug transporters. P-gp can confer
MDR to cancer cells by catalyzing efflux of a broad spectrum of chemi-
cally and structurally unrelated anticancer drugs in an ATP-dependent
manner [2,3]. Therefore, inhibition of drug efflux by P-gp is considered
a feasible approach to reverse MDR in cancer treatment. Thus far, a
number of compounds have been shown the abilities to inhibit drug ef-
flux of P-gp by in vitro and in vivo experiments [4]. However, the devel-
opment of effective inhibitors of P-gp and other multidrug transporters
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for clinical practice has been hampered, largely due to the unsolved mo-
lecular mechanism of drug entrance and binding.

The binding nature of P-gp has been extensively investigated since
it was discovered in 1976 by Juliano and Ling [5]. Competitive and
non-competitive assays have shown that P-gp can bind more than one
compounds simultaneously [6-11], which indicates the existence of
multiple binding sites, e.g. the H-site (Hoechst-33342 binding site)
and R-site (Rhodamine-123 binding site) proposed by Shapiro and
Ling [12]. Extensive mutation studies demonstrated that a list of hydro-
phobic and aromatic residues at the transmembrane domains (TMDs)
were essential for substrate binding and transportation [9,13-21].
Accordingly, an intrinsically large, flexible and hydrophobic pocket
harboring multiple binding sites was proposed to account for substrate
promiscuity and poly-specificity of P-gp [22,23].

In 2009, the first crystal structure of murine P-gp showed a large
pocket of approximately 6000 A* in TMDs [24]. Three distinct but over-
lapping ligand-binding sites were identified from the location of co-
crystallized QZ59-SSS and QZ59-RRR [24-26]. However, the original
structures with lower resolution (4.4 and 4.35 A) contained registry
shifts in TMDs that limited the interpretation of drug interactions with
P-gp. Most recently, many higher resolution (3.4-3.8 A) structures of
P-gp in complex with a series of cyclopeptide ligands (QZ-Ala, QZ-Val,
QZ-Leu, and QZ-Phe) have been released, which revealed more binding
sites with shared residues dispersed in the hydrophobic pocket [27,28].
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Additionally, the binding profiles of P-gp substrates and inhibitors were
also investigated by ligand-based quantitative structure-activity rela-
tionship (QSAR) and receptor-based molecular docking techniques in
our previous researches [29,30]. Despite great advances in the charac-
terization of binding sites and binding profiles of P-gp, the access path-
way for the binding of ligands remains elusive.

The lipid membrane plays an important regulation role in the
binding of ligands to P-gp [31]. Most P-gp substrates are hydropho-
bic and consequently concentrated in the membrane. So, it is widely
accepted that P-gp is likely to function as a flippase [32] or hydro-
phobic vacuum cleaner [33] to take up hydrophobic molecules di-
rectly from the inner leaflet of the lipid bilayer [34,35]. The higher
drug sensitivity of P-gp in the membrane than that in detergents
also supports this point [36]. Recently, Xu et al. demonstrated that
the binding of P-gp substrates is a membrane-mediated process,
starting with a lipid-water partitioning step followed by a trans-
porter binding step in the lipid membrane [37]. For that matter, at
least one intramembranous entrance gate is indispensable for li-
gand entry into the binding pocket of P-gp. Structural inspection
of P-gp suggests that the ligand-binding pocket is laterally accessi-
ble to the inner leaflet of the lipid bilayer through two clefts or
gates formed by two pairs of transmembrane helices (TM4/6 and
TM10/12), respectively. Unfortunately, there is still no direct exper-
imental proof to support this view.

Intriguingly, a prominent conformational difference between TM4/6
and TM10/12 clefts was observed in the substantially improved struc-
ture of apo P-gp with the highest resolution (PDB code: 4Q9H) so far.
In comparison with TM10/12 cleft, the TM4/6 cleft seems more accessi-
ble to the inner leaflet of the membrane (Fig. S1). Szewczyk et al. also
suggested that TM4/6 cleft may be preferable for the uptake of mole-
cules owing to the flexibility of TM4 [27]. Thus, it is assumed that the
relatively open TM4/6 cleft is an entrance gate for the access of ligands
into the binding pocket from the lipid membrane.

To test the hypothesis above, in this paper, the access pathways of a
well-known substrate rhodamine-123 and a cyclopeptide inhibitor
QZ-Leu were investigated by molecular dynamics (MD) simulations
in explicit lipid bilayer and water. Herein, the time-independent partial
nudged elastic band (PNEB) method [38] implementation in Amber12
[39] was used to generate the access pathway from the lipid mem-
brane to the binding pocket of P-gp. In PNEB, a predefined reaction co-
ordinate is not required to guide the access processes, and that the
pathways are continuous in all solute degrees of freedom. In each
case, the equilibrated P-gp systems in ligand bound and unbound
states were selected as two endpoint structures (Fig. S2). The initial ac-
cess pathway was constructed by 8 copies of the unbound endpoint
and 8 copies of the bound endpoint. The 16 structures were connected
together by springs, and minimized simultaneously by a simulated an-
nealing protocol (Table S1), with the two copies at endpoints fixed.
Based on 20 independent PNEB simulations, the binding free energy
profile along the PNEB-optimized pathway was calculated by using
MM/GBSA (Molecular Mechanics/Generalized Born Surface Area)
method. Structural preparation and computational details are available
in Supporting Information.

The PNEB-optimized access pathways for the rhodamine-123
and QZ-Leu are shown in Fig. 1. The binding free energy profiles of
rhodamine-123 and QZ-Leu are shown in Fig. 2. It can be seen that the
pathway via TM4/6 cleft is energetically favorable for both of the ligands
moving from the inner leaflet of the membrane to the binding pocket of
P-gp. In general, the binding free energy of rhodamine-123 decreased
progressively from the lipid membrane to the region of TM4/6 cleft,
began to increased upon entering the binding pocket, and then dropped
slightly until reaching its bound state (Fig. 2). The binding free energy of
rhodamine-123 (—24.2 KJ-mol~!) registered in the binding site is sim-
ilar to those of many cationic substrates (verapamil, moxifloxacin, and
daunorubicin), which were determined by ATPase and surface activity
measurements [37]. By contrast, the binding free energy of QZ-Leu
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Fig. 1. PNEB-optimized access pathways. The pathway is characterized by 16 snapshots
of (a) rhodamine-123 and (b) QZ-Leu. TM4 is shown in green and TM6 in orange.
The position of lipid membrane is indicated by phosphorus atoms in pink.

showed a continuous decreasing tendency along the access pathway,
which indicates a spontaneous binding process (Fig. 2).

From Fig. 2, it can be seen that when approaching TM4/6 cleft, the
free energies of both ligands decreased significantly, and this tendency
had been maintained during the whole TM4/6-gating process. That is
to say, it is spontaneous for rhodamine-123 and QZ-Leu moving from
the lipid membrane into the TIM4/6 cleft.

Once away from the TM4/6 cleft to the binding pocket, rhodamine-123
was seemingly trapped in an energy well with a depth of —28.1 KJ-mol ™!
(Fig.2).Thereason s largely due to the H-bond interactions and extensive
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Fig. 2. Free energy profiles of rhodamine-123 and QZ-Leu along the access pathways.
The binding free energies were calculated based on 20 independent PNEB simulations.
The region of TM4/6 cleft is indicated by gray shading, where the distance between the
centroids of the ligand and residues in TM4/6 (Ala225 to His241, Ser345 to Gly356) was
less than 6 A.
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Fig. 3. The interactions of (a) rhodamine-123 (blue) and (b) QZ-Leu (purple) with
the residues in the region of TM4/6 cleft. The residues involved in the binding of
rhodamine B and other substrates (vinblastine, verapamil) are shown in pink and
yellow, respectively. Hydrogen-bonds are indicated by black dash lines. For clarity,
hydrogen atoms are not shown.

Val341

TM4

hydrophobic interactions between rhodamine-123 and the residues of
TM4, TM5 and TM6 (Fig. 3a). Xu et al. argued that H-bond interactions
are important for the sensing and binding of P-gp substrates [37]. The res-
idues lining the cleft, including Ser218 (TM4), 11e302, Tyr306 (TM5),
Leu335, lle336, Ala338 and Phe339 (TM6) have been shown experimen-
tally to play an important role in the binding and transportation of P-gp
substrates (rhodamine B, vinblastine, and verapamil) [40]. In addition,
the location of this energy well overlaps with the putative R-site formed
by TM4, TM5 and TM6 [41-44]. So, it can be deduced that the R-site is ac-
cessible to the inner lipid leaflet via the TM4/6 cleft.

However, the binding free energy of rhodamine-123 tends to
increase before reaching its binding site (Fig. 2). Recent researches
have demonstrated a cooperativity between substrates and ATP in
the process of P-gp transportation [45-47]. So, future researcher
should pay adequate attentions to the influence of ATP on the sub-
strate binding of P-gp.

In the case of QZ-Leu, the free energy had been decreased persistently
since access into the TM4/6 cleft until reaching its binding site (Fig. 2),
which indicates a spontaneous process for QZ-Leu binding. As expected,
the relatively lower binding free energy of QZ-Leu (—52.2 KJ-mol ™)
benefits to the occupation of substrate binding pocket [27]. Similar result
was obtained for the inhibitor QZ59-RRR, which exhibited a lower free
energy compared to the substrate daunorubicin registered in the binding
pocket [48].

Fig. 4 shows the root-mean-square deviations (RMSDs) of TM4
and TM6 during the access processes of rhodamine-123 and QZ-Leu.
It should be noted that the RMSD of TM4 increased significantly to
a maximum (5.9 A) upon QZ-Leu crossing TM4/TM6 cleft (Fig. 4b).
However, no significant change in the RMSDs of TM6 was observed.
The results indicate that TM4 may be of relatively larger flexibility in
comparison with TM6. The available crystal structures of mouse and
Cyanidioschyzon merolae P-gp [26,49] also showed a relatively weaker
electron density of TM4 region. Mutation experiments demonstrated
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Fig. 4. RMSDs of TM4 and TM6 in the binding process of (a) rhodamine-123 and (b) QZ-
Leu derived from 20 independent PNEB simulations. The initial conformation of P-gp
was used as a reference conformation for RMSD calculations. The region of TM4/6 cleft
is indicated by gray shading.

that the flexibility of TIM4 is critical for substrate binding and transpor-
tation [49]. In this letter, the conformational plasticity of TM4 not
only facilitated the entry of large QZ-Leu ligand into the cleft, but
also fostered more hydrophobic interactions with the transmem-
brane domains (Fig. 3b), leading to a steep drop of the binding free
energy (Fig. 2).

Another interesting finding is that the benzyl group of Phe339
(TM6) rotated approximately 180 degrees during rhodamine-123 and
QZ-Leu access into TM4/6 cleft (Fig. 5). This is reminiscent of the aro-
matic residues gating the access of ligands to the binding sites through
the rotation of side chain and affording substrate selectivity in channel
proteins and enzymes [50]. Early studies have also shown the important
role of TM6 in determining substrate specificity of P-gp [51,52]. So, it can
be speculated that Phe339 of TM6 may serve as an aromatic gate residue
that contributes to the substrate specificity of P-gp.

In summary, the decreased free energy profiles of rhodamine-123
and QZ-Leu suggested that the access to the binding pocket of P-gp via
TM4/6 cleft is energetically favorable for both ligands, and thus may
be a spontaneous process. Besides, a significant conformational change
of TM4 upon ligand passing through the TM4/6 cleft may provide a
valuable insight into the flexibility of TM4, which has proved to be
important for ligand binding and transportation. In addition, significant
side-chain movements of Phe339 (TM6) was found during the access of
rhodamine-123 and QZ-Leu. The function of Phe339, similar to a gating
residue, need further experimental investigation. Overall, the results
obtained in this letter support the flippase or hydrophobic vacuum
cleaner model for P-gp transport.



322 J. Xing et al. / Computational and Structural Biotechnology Journal 17 (2019) 319-323

'/ij\‘

N

AN 1
’ N

Fig. 5. The rotation of benzyl group of Phe339 (TM6) during the access of (a) rhodamine-
123 and (b) QZ-Leu into the TM4/6 cleft. The two ligands are represented as beads, and
Phe339 is shown as stick.

In this paper, it is suggested that R-site substrates can enter into the
binding pocket via TM4/6 cleft. It should be noted that our results can-
not rule out other coexistent access pathways for P-gp substrates and
inhibitors. Recently, Ferreira et al. have deduced that the H-site sub-
strate colchicine can access into the binding pocket via TM10/12 cleft
by using steered MD simulations [53]. Interestingly, the coexistence of
two pseudo-symmetric translocation pathways in P-gp was recently
confirmed by Parveen et al. [54], one of which was close to TM4/6
cleft and preferentially but non-exclusively taken by R-site substrates
(e.g., rhodamine-123), whereas the other was close to TM10/12 cleft
and taken by H-site substrates (e.g., propafenones). Together, these ex-
perimental and computational data provide a glimpse for the entrance
gates, binding sites and translocation pathways in P-gp. However, the
efflux mechanism of P-gp and other multidrug transporters is extremely
complex and the exploration is still on the way.
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